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Pyrosequencing and m.idinfrared spectroscopy reveal distinct aggregate
stratjfication of soIl bacterial comm:unities and organic matter composition
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This study integrated physicaL chemical, and molecular techn.iques to assess relationships between soil
bacterial community structures and the quantity and quality of soil organic carbon (SOC) at the soil
microenviron.ment scale (e.g., wi.thin different aggregate size-fractions), TO accomplish this goal, soil
samples (0—5 cm) were collected from the Texas High Plains region under a variety of dryland and
irrigated cropping systems. The soil was separated into macroaggregates, microaggregates, and silt ± clay
fractions that were analyzed for (1) bacterial diversity via pyrosequencing of the 165 rRNA gene and (2)
Soc quantity and quality using a combustion method and mi&infrared diffuse reflectance spectroscopy
(midlR), respectively, Results from pyrosequencing showed that each soil microenvironment supported
a distinct bacterial community. Similarly, midlR data revealed distinct spectral features indicating that
these fractions were also distinguished by organic and mineral composition. Macroaggregates showed
relatively high abundance of Actinobacteria (excluding order Rubrobacteriales) and a oteobocteria and
contained the most soc. Microaggregates showed high relative abundance of Rubrobacteriales and the
least amount of SOC. Predominance within the soil microenvironment and correlations along the midlR
spectra were different between members of the order Rubrobocteriolds compared with all other members
of the Actinobacterla phyla, suggesting they have different ecological niches, MidlR results revealed
microaggregates had greater absorbance in the 2370—1450 cm< region for phenolic and alkyl groups
(possibly recalcitrant C). Silt + clay fractions were distinguished by Gemmotlmonodetes and 0090 phyla.,
which positively correlated with spectral absorption in thel25l%—1150 cm”< range (indicating both
degradable and recalcitrant C forms). In contrast to general diversity index measurements, distributions
of the more rare bacterial phy a (phyla representing <6% of the identified population) were more
important for ditferentiatin.g between communities in soil microenvironn’ients. To orr knowledge, this is
the first study to investigate soil bacterial commun.ities among soil aggregates using pyrosequenging and
to associate these communities to specific soil C chemistries as indicated by r. idIR absorbance.

St 2011 Elsevier Ltd. ll tights reserved.

The majority of soil microbial analyses: are performed on bulk
Soil samples via rrethods tha . tend to standardize variability a.n.d
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microorganisms and soil organic matter (SOM) (Mumm.ey ta al.,,
2006; 0 Doonell et al,, 1995):,

definable ag.gregate fractions, such as initially proposed by Elliott
(1.986)., and subsequent molecular analysis, allows one to investi
gate, at appropriate scal.es, the relationships between microbi.al
communities and soil microhabitats. These approaches will enable
investigators to link biotic d.ynamics with physicochemical infor
mation to provide a better u.nderstandi.ng of soil functioning
(Murnmey at al,, 2006),

An aggregate stratificationstrat
three distinct m.i•croenvironments; niaaoaggregates ( 250 tIm),



microaggr. gates (53—250 Em), and silt ± ciavty53 m)•, which are
differentiated by unique physical, chemical (organic matter and
clay content) and structural (stability and size) characteristics
(Ranjard et aL 2000)., Macroaggregates protect plantrderived and
mic.robiaLderived SOM, c.onta.in high amounts of fungal biomass
and are enriched with labile. C and N ori.ginating predominately
from plant residues, Microaggregates a.re formed by microbial
induced bondirg of c.lay particles, polyvalent metals and organrv
metal complexes. They are characteri.zed by lower concentrations
of new and labile carbon (lower C:N ratio) and inc.reased amounts
of physically protected and biochemically more recalcitrant C
compared to macro.aggregates. The silt plus clay fractions are
characterized by the highest concentration of relatively stable
organic C and N, and they provide a protective enOironment for
microbial biomass and microbial-derived SOM (Elliott, 1986).
Despite the essential role of soiI microorganisms i.n the formation
and stabilization of soil aggregates, microbial community structure
and composition within and among various soil aggregates is not
wei.l characterized (Mummey et aL 2006).

Once soil aggregates are physically stratified or fractionated, the
challenge is adequately assessing soil biological and chemical
components. Researchers have investigated soil microbial
communities and activities within aggregates using methods such
as phospholipid fatty acid (PLEA) profiles (Kong et aL, 2.011), fatty
acid methyl ester (FAME) profiles (Schutter and Dick, 2002) and
enzymatic assays (Allison and jastrow, 2006). Differences in the
distribution of bacterial species in different aggregate-size classes
have also been revealed using molecular methods (Blackwood
et aL, 2.006; Kabir et al,, 1994; Ranjard et aL, 2000), More recent
work has used cloning and sequence analysis of 16S rRNA genes to
elucidate the relationship between inner- and outer-aggregate
fractions and microbial community structure (Mummey et aL
2006), Moreover, massive parallel sequencing, such as pyrose
quencing now allows for the investigation of microbial diversity at
levels previously not feasible (Reesch et al,, 2007; Acosta-Martinez
et aL, 2008, 2010).

Quantification of soil organic C (SOC) is a relatively simple
process, typically determined by combustion methodologies.,
However, characterization of the quality or chemical composition
of this material is less straight-forward. A relatively novel technique
emplcys mid-infrared (mid-lR) diffuse reflectance spectroscopy
(DRIFFS) to acquire detailed information about the chemical
composition of a soil, Calderfln et al, (2011 h) used such an approach
on fractionated fresh and incubated agricultural soils to determine
changes in 5DM chemistry, Their results substantiated the impor
tance of chemical changes in soil C and the use of this innovative
tool for investigating different C cycling processes.

Soil microenvironments provide urique habitats for distinct
microbial communi.ties (Kong et al,, 2011), Understanding the
mec.hanisms that shape and influence soil microbial community
structure, such as spatial segregati.on within aggregates, has
i.mportant implications on the preservation of biodiversity and
man.agement of microbial communities for bioremediatlon,
oiocontroi of diseases and ennanced oil fertilitr (±runomann
2004), The objectilte of our stud.y was to integrate physi.cal,
chemical, and mole.cular techniques to assess relationships
between soil bacterial community structure and the quantity and
quality of SOC at the soil m..icroenvironment scale (e.g., within
diffOrent aggregate-size fractions). To accomplish this goal, we
fractionated soil sam..pies into three aggregate-size fractions
macroaggregates (>250 pm), microaggregates (53—250 Em), and
silt ± clay (<53 Em) and evaluated bacterial diversity via pyrose
quencing, We also assessed SOC quantity using a combustion
met.hod and SOC quality using a mid-fR DRIFtS technique, We
hypothesized that each aggregate-size fraction would contain

a distinct bacterial assemblage and that these individual assem
blages would of different in structure and composition from the
bacterial community determined on whc.le soil samples, We
fUrther posru‘lated that community composition within aggregates
could be explained in part by soil chemical chara.cterization unique
to each aggregate-size fraction, We acknowledge that agricultural
management practices are im.portant drivers for soil microbial
community d.ynamics and soil chemical composition, however, for
the purpose of this study, we chose to focus only on. the effect of
aggregate-size,

2. Materiais and •nI

Soil samples were collected from five agroecosystems repre
senting long-term research and producer operations (>5 years a.t
time of sampling), They included three integrated crop and livestock
(ICE) systems and two cotton-cropping (OW) systems located in the
Texas High Plains region (WP). These agroecosystems (i.e., sites) are
components of a larger study investigating thern impacts of agricul
tural management on soil quality and econom ‘cs (USDA-SSARE
project numbers L597-82 and LS10-229), The specific management
details for the five systems are presented in Table i.. Two of the ICE
systems (#1 and #2) and one of the cotton systems (#3) are opel
ated at the Texas Tech University Experimenta I Farm (‘ITEF) in New
Deal, ‘IX Each system is replicated three times in a randomized
complete block design. The other two agroecosystems, #4 and #5,
are producer operated and are two of 27 fields, which are part of
a long-term monitoring project named the Texas Alliance for Water
Conservation (TAWC) program (TAWC, 2010).

The THP is characterized by a semi-arid climate, where average
daily temperatures range from 7.9 to 22.9 °C (coolest in January
with average — 4.4 C, and warmest in July with 33.3 “C), with mild
winters and a mean annual precipitation of 465 mm occurring
mostly from April through October, All farming systems were
established on Pullman clay loam soils (fine, mixed, superactive,
thermic Torrertic Paleustolis) with an average of 38% clay, 28% silt,
and 34% sand and a pH of 7,7 in the top 20 cm. Pullman soils, found
on 1,5 million hectares of the Southern Great Plains., are of great
agricultural importance and, thus, are considered a benchmark soil
for this area (Unger and Pringle, 1981),

Soil surface sari’ pies were collected in summer (July—August)
2010 from the five agroecosystems described in Table I, From the
replicated study at ‘Ott, one composite sample was. taken from each
of three field replicates of each. agroecosystem evaluated, For the
TAWC systems #4 and #2, where traditional fleid replicates do not
exist, three transects were establish.ed prior to sampling, marked by
GPS, and. five soil samples were collected along each transect and
combined to create th..ree span’ally distinct field samples. The
samples were sub-divided into 0—5 and 5—20 cm depths, but the
fJ—5±md.ei.rthwa used. inthisstudy,Within4ffhofsampiing,#ei.d-
moist samples were gently and thoroughly mixed and passed
through an 8-mm sieve, with large ag.gregates beii.g broken
manually aiorg planes of weaknesses (Six et al,, 1998), Sieved
sam.pies were stored up to one week at 4 ‘C prior to fractionation
and subsequent DNA extraction fOr pyrosequencing analysis,

Soil was fractionated usirg a. wet-sieving technique based on
that described by Elliott (1986) and Cambardella and E.lliott (1992)



Tab’e 1

274C7’: New PeA. 7433.73.337(23, •... 101 .735.744W Narice perenn;ai <ra27 13.53 Yes None 677 7.2 (012 2,4(0,49

1 1017 Coiton (Gossp<n; hAssrrm L’;• 3.10 No Non.e 7.3(0.9) 1.30,027

(2010)/Millet )S<rio OOiir2 120051

1 427 M.illet(2.O1O1/Colton (3009) 3.1 3 Yes None 7.0(0,09) 1,7 (0,065

2 ICL) Ness Deu. >5 33.7335727 N, 101.7369427W Bermudagrass (cyc44on dorp’lnsS 2.75 Yes 501 679 7,6 (0.20) 2,7(0.31

2 (lOt) OWB-B,Dahl (Bothdnchlno hlo44h 6.7 0 Yes 5131 7.6 (0.10) 2.2 (0.125
‘3 3 Ic SN’s — 01736324W Cortor s 5151 6°’) 801015 19 009
3 5— 4 04 1 ..101 447446W Corron or 0 722 7o 009 1 5(012

5 (lOLl. Loc30ev. 34.1 33956 N. ...1094803227W 0WB-B,DahI 1 ‘1,2 5 Yes OP-MESA 777 7.6(0.07) 3.2 (0.27)
5 (LCL Corn (206 noose L) (2010)/Sunflower 4472 No OP-MESA 7.7 (0.03) 2.3 (75

(Heiicmthus conwus) (2009)(Corn (20010

1CL =. integrated crop and livestock sysiem; 0Th = coiton-cropping eysttm.
Minimum age of si to with detailed records.
SM = Suksurfare Drip Irrigated; OP = Center-Pivot; MESA = Mid-Elevation Spray Application,

Spec e mcI,. c “ eg Ira (Bourelouogracihsi sidem, s g ,.ma sBoate ccii nsrripendulrs buffalo s hire dciylrnde and gwen prangletop <op ocbloc dubiaj

with the folIo ing modifications: soil ‘was not air-dried befOre
sieving; resulting fractions were not dried prior to DNA extraction;

plus day (Si o.CL.).ft.ac.t.i.c.n (e..5
-
..tm4n size )..was.isolated

via centrifuging (5000 rpm for 10 mm) after addition of a weak
CaCl2 solution (0.01 ppm).. in brief, 80 g cf field-moist soil (<8 mm)
was priced onto a pre-weighed 250-pm sieve and gently lowered
in.to a basin filled with ultrapure water fitted with a DNA5e/RNA5e-
free filter (Synergy° UV, Millipore, MA, USA) to allow the aggre
gates to become saturated. The basin was filled so that the water
level would reach approximately 1 cm above the 250-pm sieve.
After 5 mm of soaking, tile soil was sieved by moving the sieve up
and down 50 times over 2 mm (approximately 3 cm amplitude)
under a slight angle to ensure that the water and small particles
were able to pass through the sieve, After this 2 mm sieving, the
outside of tile sieve was rinsed to ensure that no soil remained on
the sides and weight of the wet sieve and soil was recorded. Soil
remaining on tile 250-urn sieve comprised the macroaggregate
fraction (MACRO). This materIal was transferred to a sterile 50-mi
centrifuge tube. Water and soil that Passed through the 250 cm
sieve were poured throuflh a pre-weighed 53-urn sieve in a second
nasin, and the slevinp .‘rocerIure was repeated. Soil wniois
remained on toe 53-pm sieve comprtsed the microaggregate frac
t M1CRO 273 .2w a’- -i 00106’- cci 001 t’°C to

SI’ ‘—, “r I g 2 300 p -- a 1,, 130 304 (1 ‘3

represented the SI - CL fraction <53 urn), was treated wtth iaCi-.
to achieve a 0.011W concentrati n and transferred into 250-mi

centrifuge bottles, oentr(fuged at 4 “31’ and 5000 ipm for 10 mm.

Free liquid was aspirated and the so.l sPiro was transferred into

a steriie nii-mL CeritrItUs1e tuoe anti str’rt’r3 at 4 95 until DNA.

7,i sncoon (loTlilfll.iilirV di> rSsFOOls7riN f7274; OXr’i’555017C’753110

(isiS 103:7. 5.a.- cxl I’actesi (torn apprs7xlrnateiv (3,/ (2 01’ (P01st 2011

di otr Fa<3\ S.i tt 2,31 5PSun”ousLdls Ci, ,.sS”

riling to tnanufdcturer’s. instructions. The extracted DNA)) p0)
was quantified using an Epoch plate spectrophotometer (Iliotech
Instruments. VT USA). The ratio of absorbance at 260 and 280 nm
(A2611.’280)was used to assess purity of nucleic adds and pure DNA

A2001280 was considered at or above 1,8. All DNA samples were

diluted to equivalent 30 ng/’p.L concentration fOr a SO-tn 3CR
reaction.

The 165 unives’sal Euhacterial pri.mers 5303 (5’- GIG CCA GCM
GCN DCC C) and ‘1 lOOR (5’- GGG UN CGNTCG UG) were used fOr

ampliiing the 600 bp region” of the 165 rRNA genes. Sample DNA
was amplified using a single step reacticn (35 cycles) and ID of
•i.iotStart HiFideiity ...o.lymerase was...ii. .trod ce..d. to .ea.ch eactk..n
(Qiagen). A two-regi.on 454 sequencing •mn was performed on
a 70 x 75 GS PicoTiterPlate (Vt P) via Titanium sequencing platfOrm
(Roche, Nutley, New jersey; Research and Testing Laboratory, Lub
bock, ‘Of). Sixty-four processed, sequences acquired from the FLX
sequencing run were further trimmed via a custom scripted bin
informatios pipeline ( anc.i et al,, 2.013; lshak et al., 2011 )... In
summary, each individual sequence was trimmed to a Q25 average,
short reads -300 bp depleted, sequences with ambiguous base
calls depleted. sequences with homopolymers exceeding 6 bp
depleted, until only quality sequence information remained; tags

were then extracted from the Ft.X-created multi-PASTA file while
being parsed into individual sample specific files based on the tag
sequence. Tags with less than 1003 homology, compared to the
original sample tag designation. were considered questionable in
quality and were not considered. Based upon sequence identity,
eacn bacterium was tdenttfled to its closest relative and taxonornic

level. Sequence cuileorions were depleted c.f ch.imeras using B2C2
2 2w alt 516’- C i1 5, — oa-te rm

sets. Bacterial urea were identified using Krakenblast ws.°jw.

,10.lirO’30,,375.7r527, and compared to a Custom nlghlv curated data

,.,‘se Re”wa dl lOt’ - Si ,. ,.. 0 a 0” ,.,5030< “ ‘te ‘cc

lit processing, enus. and higher level taxonomic de.si’gnatic’ns were

compileri using a secontlarv post-processIng algorithm and relative

oercentaoes of bacterial taxa were. determined for eaoh individual

1 ‘ a,,-., e.,a — a _‘e cor”eC ‘95

in 57.5_i, vIa Dig(lab 1270 7010501 ilsuness: transtcsrrrs soectrortlettl’

(Variari. Inc. aio Alto. with a deuterated. Peitier—cooied. tn

11100.1127 suifat.e d;ss.teci.’or and Oot’as.si uns broi.n.Pie beam splitter. me

C r’c” 1 r 1 li it-c ,.f’ 00

accessory (Pike Techncslogies, Madison, WI) and potassium bromide

was used as background. Data were obtained as pseudo-absorhance

l.log[ I /Refiectancej). Spectra were collected at 4—cm30 resolution

with 64 co-added scans pet spectrum from 4000 to 400cm”1.

Despite efforts to ensure high quality’ DNA fo-r subsequent

pyrosequenun,. analysIs fe g quantIfication of DNA using



Nanodrop and 260f280 ratio analysis), only 84 of the 1.6 submitted
samples were succ.essfully amplified. Nevertheless, whole soil or
ag3regate fractions were evaluated for pvrosequencing and mid-IF
analyses with at least n 17 maximum ot 24 with all agro
ecosystems represented. Pvrosequencino data was anal zed
according to the mulupie sequence a)gnment oerformed using

It “i.tF s t i a Ock r a e
tsasw °ia znae’t 50st9e Pit \ i o9tUoteC

ustng DNAdist from PHYLIP version 3.6 with default parameters
from irweostelts 1300% 2003. These pairwise distances served as
input to DOlOR (Schiose and Hanorrtman 2003) for clustering the
sequences into 031Js of defined sequence similarity that ranged

u I a 5 n r .j1 I LOc r na cc n
a dssimilarty of 3% for generating predictive rarefaction models
and for making calculations with richness (diversity) inde.xes (Char
and ((urge, 2002) i.n DOTUR.

Differences amon..g microbial communities within fractions
were characterized using UniFrac distances (Lozupone and Knight,
200%). UniFrac is a phylogeneti.c method tha..t measures the distance
between communities based on the lineages they contain. Non-
metric multidimensional scaling (NMDS) then was used to illus
trate LnFrac distances and it also was used to illustrate the rnd-lR
spectral data. NMDS is an iterative ordination method. that
frequently is used for species composition data (Peck. 2010). It
allows a choice of distance measure and conserves the rank order of
sample dissimilarities in the rank order of NMDS distances. NMDS
was conducted using the PC-ORD software package (MJM Sofare,
Gleneden Beach, OR) in autopilot mode. The Sorensen distance
measure was used for naid-IR data after square-root transformation.
The final stress for each ordination solution (three-dimensional for
Unifrac and two-dimensional for mid-IR) was 11.3 and 5.4,
respectivel whicn c conside ed satisfactors e

Finally, the multiple response permutation procedure (MRPP3
was used to determine whether aggregate-size treatments signifi
cantly affected bacterial community composition and chemical
characterization (via mid-IR spectra). ln MRPP, the test statistic A
nages o w arO ‘ ape” sa cc a ate ‘

homogeneity while the P value explains the possibility of the
observed value due to chance (McCune Grace. 2002).

3. Results

Pyrosequencing yielded a total of 294,913 sequences with an
average of 3631 sequences. 1689 unique operational taxonomic
units (OTUs) per sample (O7rUs defined as having sequences that
are ‘s 97% similar), and an average read length of 460 bp. This soil
was associated with 25 phylum-level groups, and, on average, were
dominated by the following nine phyla: tyoteobacterio (32%), Acti
oobocrerIo (34%), Bacreroidetes :7%:. Cbiorofiexi (8%), Gem.matlmo
oode.tes (4%), Finnicutes (4%), WS3 3%%Acidobacteria (2%) and
Verrucomicrobia (2%) (Table 2). Because of the great diversity of
forms and functionalities (Croci in i%oteobocterio. this phylum was

further subdivided into a-. 13-. -
and 3-f-’roreosacrerio that

I — — -w a
same reason, order Rubcobocrer(aies 16% was indenendentiv

interpreted from the total Acnnohacreria phylum. Phyla that were
less abundant but found in most samples included: OP1O (1%).

Planctomycetes (0.9%). Nirrospira (0.83’, and BRC 1 (0.5%) (Table 2),

3.1 Soil bacterial communities in whole soil and aggregate—size

Tbk 2
Mean relative abundance (SI for soIl bacterIa found In. gregare-size ffactlons and
whole soil. Standard error ls In parentheses.

i .‘., ‘. . .,.,‘ ‘

‘e’ is

‘ ‘a’. ‘ <54 ‘‘0 Ia 01

s to on ,aa<I 2’ (04 ,M0II
c u ow b I rIM 010 0 0 o 00

OPaO 0 1 OJ 0 ‘GO’ 12 ‘0 00
°0w 0 aCe <C Olj 0 tOs o (On

sri ps (0.0 5 010’ 0 1 1 i 0
,‘R 40’ 0) 7
‘M O SI t 1,(0 , n ‘a a ‘7(00

s Ion’s (00 s a 0 (0 0 4 0
Q U saOl ) 0 (0.) 01( ‘a

a as crc s ‘it 0 1’ ii’ (0. , 09(0,r
bIn sysa 00 ‘0 ‘ ‘0 tOOl’ ‘1 4,0 ) Or (00

00 00’. 1 <01 O 1’ 00 0 ‘ 00 ‘0
thor bs 0 006 (01 000) 10 (0 1) 01 (001
‘5 0 n 1 0 00, “ii ,O 01 00 t 01 0. ‘00 ,
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,r . ‘ ow a 0(11 s a . or ‘ ‘10 “u ‘1 004 ii fliM

I’seannce u’tohun , - 0 000 .0 000 0 000 0000 0 002 0 0 a 00’ 0 00’

4. nnjha,.,,.sw e’o,n’.p,e if Rubraba,ren,jI,’

were different from those found in WHOLE soil samples (Table 3
and En. 1:. Using a cut-off R2 value of 0.3. eleven phyla (sub-phyla
had strong linear associations with the two ordination axes. The
relative abundance of Acrinobacreria (excluding order Rubro
bacrerlales was strongly correlated wsth axis 1. sndicating an

association with the MACRO samples whereas Nitrospira, Gemma
tirrcnadetes, OP10, WS3, and Cridohacreria showed a negative
correlation with axis 1, indicating that were associated with SI -‘ CL
(e.g., had higiter relative abundances), The relative abundance of
order Rubrobacteriaies was positively correlated with axis 2, indi
cating a strong association wit.h MICRO samples. This group
accounted for 2 0.5% in N ICRO compared to an average of 14,6% in
all other fractions plus WHOLE soil (Table 2). In contrast, relative
abundances of Bocteroidetes, 2- and i-Proteobacter1o, and Vdrnico
rnicrobia were negatively correlated with axis 2, indicating weak
association with MICRO but strong associations with SI -a CL and

TaMe 3
r’triri-retponse •per”’ts’— orra.osadure aesrdss for painwase

a.’’s’nn’ ,,,. n’scisn a’)a’,a 0.029

cvHoLE <a. uiceo (cOOs 0.004

v/HOtE a’s. sI a. cr 0.153 <00001
MACSc) vs. MIcRO 9,00E 0.001

MACRO ‘cs.Si .- ci. ‘tea’ .. 0.0001

‘All Ri s’s.. Si CL ‘512” 0,0001

on a , x a
It’

Each of the three soil agoi’egate-size fractions studied (MICRO.
MACRO and SI - CL) supported distiller bacterial assemblages that



Fig. 1. Nommetric muitOdimensional scaling (NMDS) crdination plot derived from
weighted paiswise UniFrac distances from WHOLE soil, MAC.RO (macroaggregates
>250 pm), MICRO (microaggregates 5325O pm) and 51 ÷ Ci. (silt clay fraction;
<53 pm). individual points represent aggregate and whole soil samples and the
dl pses ep e ens tim bsdsre nonal 95% cotctdence interval o mews soi g o,sp secret
Vectors in the hi-plot Ovs..ri5y were constructed from a matrix containing relative
abundances of each microbial ph ‘la/s ubphyla as well as SOC and TN contents, Only
correlations >0.3 were included, The angle and length of the vector indicate the
direction and strength of the sariable and the NMOS axis, Abbreviations:
d&oreo = 3- H’oceobaccehs:P-ctoreo f-A’oreobocceds,

MACRO. The relative 2bundances of many bacterial phyla •in the
WHOLE soil samples more closely follow those associated with
MACRO than the other two aggregate fractions (51 ÷ CL or MICRO)
(Table 2), This is also evident in the NMDS clot where the two
ellipses overlap between MACRO and WHOLE. Although the MRPP
analysis calculated a p-value ÷0.05, this does not account for error
associated with multiple comparisons, Using a Bonferroni adjust
ment, our calculated p-value of 0.03 for the comparison between
WHOLE and MACRO would not be statistically significant. All other
pair-wise comparisons, however, remained significant with this
adjustnent. The first eight phyia/subphyla listed Table 2
constitute 2t least 76% of the cotrmunity. The greatest relative
abunbance of four of these groups (a- and y-ff’oteobacteria, Acti
nobocterio excluding order Rubrobacteriales, and Bocteroidetes) was
found in the MACRO fraction, The MICRO fraction had the greatest
relative abundances of only Rubrobacteriales and Chloroflexi and
SI ,- CL had the greatest relative abundances of 5- a.nd Iffofeo
bacteria. ln contrast, the next nine phyla., which represented the
more rare groups (i.e., those which accounted for 6% or less of the
total community), were associated with SI + cC.

Equal.ly high diversity levels (according to rarefaction curves at
3% dissimilarity) were found between MACRO and SI ± CL fractions
(1781 and 1765, respectively) (Fig. 2). The lowest level. using this
index was found for the MiCRO fraction (1406). A similar trend was
shown by the Shannon index. Although the Fl + CL fraction had the
greatest diversity measures according to ACE and Chaoi indexes
(393.4 and 3247, respectively/i, the MICRO fraction had the I:owest
diversity me.asures, regardless of the index used (Fig. 2).

32. Soil organic C and chemical composition of soil using
mid-JR spectroscoy

Among soil ag.gregate fractions, the MACRO fraction contained
the greatest quantity of C (4.9 mg C g1 aggregate) ar.d N 0.36 m.g
M g aggregaec) folloand by SI CL 130 mg C g ‘aggregate and
0,27 mg N g’< aggregate) and MiCRO (2.8 mg C g ‘ aggregate and
0,2 mg g aggregate) (data not shown). The WHOLE soil and

Fig. 2, Bacterial richness indices of aggregates and whole sod at a genetic distance of
3%, expressed as the number of observed unique operational taxonomic units (OTU5)’,
abundance-based coverage estimator (ACE) and Chaol,

aggregate fractions differed in their mid-IR spectra and, thus, their
mineral and organic chemical composition (Fig. 3A; MRPP,
A value> 0.06, p-value <0,005 for all comparisons). The WHOLE
soil, with higher scores along axis 1, had higher absorbance in the
1750—1550 cm’> region (Fig. 38), which has bands associated with
several organic features such as carboxylic acids., amide bonds,
arornatics, methyl groups and phenolics among others (l3aes and
Bloom, 1989; Janik et al., 2007: CalderOn et al., 2011b). The
WHOLE soil also showed high correlation with the wide region
between 3630 and 2830 cm’>, which includes bands for clays, OH/
NH bonds, and aliphatic CR1 bonds (Nguyen et al., 1991). The MICRO
fraction was positively correlated with axis 2 in the
1750—2000 cm’> region (Fig. 3A, B), indicating silicate bands
(Nguyeis et al., 1991), The Si ± CL fraction and WHOLE soil corre
lated svih absorbance at 1290—1080 cm”, which includes bands
for resistant aromatics and labile fulvic acids, as well as clays (janik
et al,, 2007; GarcIa-Gil et al., 2008).

3.3. Coupling of pyrosequencing data with mid-/fl spectra
at the aggregate scale

Different bacteriaI phyla were associated with particular soil
chemistries, and these relationships were unique for each soil
aggregate fra.ction (Fig. 4 A—E). Th•.e MACRO fraction was charac.
terized b.y positive correlations between the relative abundances of
Bacteroidefes and Verrucomicrobia with the entire spectra whereas
Acidobacferia was correlated negatively (Fig. 4A). The MACRO
fraction was also characterized by a positive correlation (r> 0.4)
betsveen 5-Proteobacreria and a negative correlation (r <

between s-Proteobacteria with the 1370—1450Cm”' spectra region,
corresponding to CR1z, CR1s, COO, COOK aliphatics and phenolics
(janik et al,, 2007). The:se sa:me bacteriai groups displayed different
and more variable responses across the spectra in MICRO (Fig. 48,
C) and Si + CL (Fig. 4D, B).

The MiCRO fraction was associated with the greatest number
(10) of phyia/subphyla with strong correlations across the spectra
and resulted i.n two groups with opposing patterns (Fig. 48, C). For
example, the patterns associated with Acdnobacteria (excluding
order Rubrobactetiales) are opposite to those found for members
belonging to the order Rubrobacteriales. The 1370—1450 cm”'
region illustrated a large shifr in Rubrobacreriales from a negative
correlation( —0.3) to a positive one (0.3), whereas Actinobacteria
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Although each aggregtesize fraction showed distinct bacterial
groups associated with specific soil chemistries, MACRO and Si + CL
fractions had negative correlations between G•ernmotimonoderes
and chioroflexi phyla and various properties iccated between 2000
and 4000 cm1 and this pattern as opposite for Bacteroidetes
which were pcsitively associated with the same ama of the spectra.
Additionali.y, MICRO and SI a- CL fractions both revealed opposing
correlation patterns betsseen Gemmatimonodetes and Bacttroidetes
within the 2200 and 4000 cm1 and the 1370—1450 cm1 regiors,
chioroflexi and Firmicutes exhibited similar correlation patterns as
Gem.rn.oti.monadetes (data not shown), Acidoba.cteria was pri.marily
negatively c.orrelated across the majority of the regions of the
spectra in MICRO fractions, except for a strong positive correlation
found with the 1370—1450 cm region, which includes bands for
C—H bending: aromatic C=C CeN in amides: and CO—CH3

3 2 1 0 1 2 (Calderbn et aL, 2011h),

abruptly showed a shift from 0,8 to --0,5, The different classes of
Woteobocteria aiso showed distinct patterns across the
1370—1430 cm re on, which represents CH2, CH3, COO, COON
ali.phatics and phenolic.s. Correlations of 11, y, and %40’oteobocterio
abruptly shifted fromstrongiypcsitive values to strongly negative
values as wProteobacterio correlation coefficients shift in the
opposite manner.

The SI ± CL fraction was characterized by a negative correlation
between &Th’oteobocterio with the 2200—4000 cm1 region and
a positive corre.lation with the 2000 cm band, typically associated
with ca.rbohydrate —CON (Fig. 4E), Opposing correlation patterns
across the spectra between. order Rubrobacteriaies and Actino
bacteria phyla, as seen in the MiCRO fraction, are also evident in
Si ± CL (Fig. 40, E), Acidobocteria showed positive correlations with
the 1370—1450cm and 1500cm regmns shg 40)

Our results agree with revious studies in that different
aggregate’-size classes (MACRC, MICRO, and SI a- CL) support
distinct microbial habitats compared to the WHOLE (bulk) soil
typically sampied (Sessitsch et al,, 2001: Mummey and Stahl, 2004:
Mummey at aL, 2006). Our study, however, provided uniçue
information that related bacterial assemblage composition to
chemical composition of SOM within these microenvironments,
Although our results provide a more robust assessment of bacterial
distribution and diversity within aggregates by using pyros&
quencing than explored before, DNA may persist in soil (Creaves
and Wilson, 1969), via protection by complex interactions
between soil minerals (sand and clay), humic substances, and
organomineral complexes, possibly resulting in amplification of
extraceliular bacterial DNA,

Two microbial groups, the Rubrobacteriales and the Acid
obacteria, had relative abundances that were different from previ
ously published work, In general, Rubrobacterio, comprised up to
21% of total bacterial abundance in our soil with greater propor
tions in the MICRO fraction, Although this taxon has not been
extensively studied, some research has shown members of Rubro
bacteria to be tolerant to gamma-radiation (Yrishinaka et aL, 1973)
and desiccation (Singleton at aL, 2003), These findings may explain
t.heir prevalence in our soil which experience high soil tempera
tures and lon..g, dry periods during summer months, Similar to our
findings, Mummey at ai, (2.006) reported A abundance of
R:ubrobacteriales in the- protected inner-aggregate microaggregates
and suggested that they m.ay play an important role in micro-
aggregate reformation, In our soil, low C content coupled with the
strong presence of Rubrobacteriales in the ‘unprotected’ MICRO
fraction (i,e,, we did not measure inner-aggregate microagg.regates)
supports the concept propased by Mummey at di, (2006)- tha.t these
microaftgregates have recently been formed, Because of the
pre ominance of Rubrobactenhies in the MICRO fraction and) the
proposed importance of this fraction in long-term C sequestration
(Skjamstad e.t aL, 1990: Six at al,, 2000), more research is needed on
this taxon independent from the Actinobacteria ph/la to determine
the role of this taxon in. .soil C storage,

In our study, Acidobacteria., regardless of location within the soil
microenvironment, showed an order of magni.tude lower ( 2%)
than reported in other studies (— 20%.); even in soils with neutral to
slightly alkaline pH (janss.en. 2006: Lecher at cC 2009), Our lower
values are, however similar to those found in a study of grass
p.astures in Scotland (McCaig at aL, 1999) and other semiarid soils

A
e

‘.;./

-

B

Fig, 3, (A) Non-metric multi-dimensional scaling )NMD5) ordination plot derived from
absorbance readings at each wavelength within the mid-IN spectrum from WHISLE
mi’ MACRO )mtacroaggregates >25D pm), MIcRa microaggregases 5325a pmi and
SI -c cc (silt -t. clay fraction; <53 pm). Data were square-root transformed. Individual
points represent aggregate and whole soii samples and the ellipses represent the
bidirectional 95% confidence interval of mean soil group scores. (B) correlation coat
flcients bemeen scores along each axis and absorbance readings across the spectrum
frir the NMDS ordination plot shown in 35.
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specific microbial assemblages likely impact C storage irrespc.ctive
of overall di’versity, It may be that the distributions of the more rare
bacterial phyla (e.g’.., thcse representing less than 6% of the identt
fled population) may he more important for differentiating
commumties’n sod aggregate-size fractions, than measures of
overall bacterial diversity )e.g., richness estmates),

4.2. tudOR anulcris in whole soil rind sod mcioenvironmenLs

Physical fractionation of soil microe nvironments showed clear
differences on their spectroscopic properties with a uredominant
effect from mlnerai fe.atures. Al three fractions lost absorbance at
3400 cm” relative to WHOLE sod. but the effect was more
ornnrLn” a— te 0 CL rt’ 34ui j
important because this OH or NH stretching feature ma..rks p.res
ence of relatively labile SOM Hriberisauer and Gerzabek, 1999:
Caiderhrs or ad, •.Ohi b). it i.s possible that this band was lost with
soluble SOM duri.ng fractionation, but it a.lso sr..ggests that the
MICRO and MACRO fractions contained overall older, more pro
cessed C. relative to WHOLE soil, The band at 293O2870 cm1
indicated aliphatic CH stretching o.f methyl and methyIene groups,
which marks C in the soil hght fraction Caldetor’ et 0 201 ibj and
is also characteristic of high quality prairie soils (Calderón et aN
201 ia), Spectral subtraction (not shown) indicated that absor
bance in this region increased slightly in MICRO and MACRO during
fractionation, but declined in the 11 CL fraction, However, this
band was not pronounced in WHOLE soil to begin with, which may
have diminished potential effects of fractionation, The MICRO
fraction had more absorbance at 2000—1750 cm_i and at
1344 cm , indicating strong influence of silicates and, thus, sand
enrichment compared to other fractions. Alternatively, MICRO
spectra may have more silicate signal because of decreased coating
of SOM or other interfering substances. Spectral subtraction also
indicated that the MICRO fraction does absorb more than the
WHOLE soil in the region between 1600 and 1350 cm suggesting
that a variety of resistant and labile organic functional groups like
arornatics. phenolics and proteins are enriched in MICRO,

Dfferences between MACRO and MICRC1 fractions are also
dominated by tncreased silicate signal in the MICRO fraction,
Nose eiess tue organm maker or’ me sliCkO rdctio” OOes dO ci

as’ indicated by higher absorbance at the carboxylic band at
170tu 1740 cm”tand bands between ‘1530 and 1450 cm1. it is
possib’le that increased absorbance of MICRO at these frequencies
indicat”ed that they are older and more stable forms of C, Research as
to the resistant or lab’lie character of many of these narrow bands.is
ongoing and future studies will help elucidate their role in soil C
sequestration, Caution is necessary when assigning spectral features
to specific chemical characteristics in soil using mid-IR techniques,
Peak iden,.tification is not exact because spectral bands occur across
a wide range and there is some degree of overlap between bands,
Nevertheless, studies such as this, relating biological attributes to
s’pec.t’ral d’ata will help us build a knowledge base and shed light on
the meaning of specific mid-JR absorbance in soil,

Our nsid—JR results suggested that the relative abundances nfsod
bacteria within soil aggregate fractions are driven more by shifts in
cnemcal composition of SUM than SOC quantity, The impact of
changes n SOM chemstrvon the bacterial composition was specific
tc each aggregate. However, it s equally rc’ssibie that these SUM

— S

con’snsunitV compos.ition, Regarrlle.s:..r, our data su.ggest that the’ effect
of changes in SOM chemistry on the bacterial composition maybe

defined by aggre.gate specific patterns. For exam”pie, within each
aggregate-size class, the most prevalent bacterial groups were not
those with strong relationships across the mid—1R spectra and
suggest that low abundant bacterial groups responded more
dvnancaiiv to shafts in SUM composttion than the most dominant
groups, I’he dstribunon of bactenai nopularions within and among
these ncroenvii’or,menrs, as wei as the chemcai composton of
SUM is pamaliv driven by feedback mops between the activities of
sod microorganisms, which alter SUM chemistry and thus their
environment, and the c’nglnai cornpositiono f the organic matter
itself, As microbial communities often woru as a consorta to
degrade comulex organic materials such as those found m soil, it is
nrc.fatsie that dominant grcuns benefit from co-metabcIres
produced by i055 dominant groups, When C is’ pientifui and sour
ces include relatively degradable components, such as in the MACRo
fi’action wherefresh residues would he expected, few groups,
responded to shifts in C. in contrast, the MICRO fraction, which
contained the lowest amount of C and h’ad the lowest diversity
indexes, had the most bacterial groups with strong associat”io”ns with
specific SUM chemistries. Rubrobacteriairs was not one of the groups
strongly correlated along the spectra, but was the most dominant
w’ithin the MICRO fraction, It is uncertain whether a lack’ of corre
ladd’ bèer’’ ‘i’èládve %‘ ur’di noes ‘bf’bátêdáf hIà With ‘dO’ldi,N
SUM chemistries suggests that these groups are less important to
processing these co’mpounds or whether dominant groups do not
need to be sensitive to minor changes in SOM chem.istries, In other
words, less abundant groups need to compete more strongly to
survive whereas dominant groups benefit from sheer numbers and
the co-metabolites produced from the entire microbial consortia.

Within a given aggregate fraction such as MICRO, opposing
patterns between Rubrobacreriak’s, “x-Proreobcicterio, Gem man
monaderes. and Acidobacteria taxa and Bacteriodetes. y- and
i-Proteobacrerfa and Acninobacterio iexcluding Rubrobacteriolesi
suggest that these groups occupy different ecological niches.
The opposing patterns between order Rubrobacreriales and
Acninobacterio phyla, seen in MICRO and Si CL fractions was
unexpected but supports research reported by Bryan and

a ‘ I gge d 0at L h’na C OIL mat
have dissimilatory pIsysioiogcai characteristics compared to
other members ofActinobocterin. We also found that the relative
abundance of Rubrobacrerioies was high when the relative
abundance of Proteobc’crenio was low (r .=. 0,85), suggesting that
these groups directly compete with each other for the same
ecological niche, This relationship was also observed in. the
Scoti’.’ish grassland soils vehere vProteobocterio was ‘more prev
alent and Rubrobocteriales was less abundant in improved
grasslands (McCaig et al,, 1999).

Factors other than the chemical’ composition of scil, such as
moisture and oxygen gradients, likely influence soil bac’tei’iai
distribution and diversity (Han rr:l or al,, 200’S), Alt’h.ough the
phylum Verrrscornlc”obio is known to be ubiquitous in ‘most sods

u 20W it moW tur rh, gwup is gene 011 ws
common ‘in arid sods due to their seqs’irivity to dryness (.Srr’isit,i”i

N,, dun:
‘:, Members of this oh’yiun’s wore most nrr’valeni.’ in

Ci, fractions, ve’hir.h is where i’u,giscr n’inistuae C0r’tCflt 5 roOst

ikoiv to exist, However, roenipers frnrn this, ohviurn have been
tound to utilize a narrosv range nt carhohyctrates’ :.‘.So’ssiiso:’i c’s

Ci si,. i00 which may explain why they tended
to have strong positive correlations with only narrow regions along
the mid-lR spectra n MACRO and MlCRO fractions,

5. Conclusion

into rat’ion of pv:’oseri.uencnr’, rniri-iR spectroscopy’. ansi soil
fractionation techniques allowed us to discern relationships
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